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The ability of macrophages to clear pathogens and
elicit a sustained immune response is regulated by
various cytokines, including interferon-g (IFN-g). To
investigate the molecular mechanisms by which
IFN-g modulates phagosome functions, we profiled
the changes in composition, abundance, and
phosphorylation of phagosome proteins in resting
and activated macrophages by using quantitative
proteomics and bioinformatics approaches. We
identified 2415 phagosome proteins together with
2975 unique phosphorylation sites with a high level
of sensitivity. Using network analyses, we deter-
mined that IFN-g delays phagosomal acquisition of
lysosomal hydrolases and peptidases for the gain
of antigen presentation. Furthermore, this gain in
antigen presentation is dependent on phagosomal
networks of the actin cytoskeleton and vesicle-
trafficking proteins, as well as Src kinases and
calpain proteases. Major histocompatibility com-
plex class I antigen-presentation assays validated
the molecular participation of these networks in
the enhanced capacity of IFN-g-activated macro-
phages to crosspresent exogenous antigens to CD8+
T cells.
INTRODUCTION
In mammals, the internalization of microorganisms by macro-
phages, neutrophils, or dendritic cells (DCs) results in sequential
events involving the microorganisms’ sequestration in phago-
somes, their neutralization and degradation by hydrolytic
enzymes, the processing of antigens, and their presentation at
the cell surface. Although the first two steps define the function
of phagocytosis in innate immunity, the subsequent steps enable
the link between innate and adaptive immunity to elicit a sus-
tained immune response. The ability of professional phagocytes
to kill microorganisms and present their antigens through major
histocompatibility complex (MHC) class II or MHC class I cross-presentation is modulated in part by the proinflammatory cyto-
kine interferon-g (IFN-g) (Platanias, 2005).
IFN-g represents one of the most efficient cytokines for trig-
gering antimicrobial activity in macrophages and plays a central
role in the containment of infections by several pathogens (Huang
et al., 1993; Rosenberger and Finlay, 2002), including those
capable of altering phagosome biogenesis and intracellular
signaling (Orth et al., 1999; Park et al., 2002). The ability of
IFN-g to endow macrophages with the capacity to kill ingested
pathogens such as Mycobacterium tuberculosis is attributed to
a complex transcriptional regulatory network altering the expres-
sion of more than a thousand genes (Ehrt et al., 2001). Most
notably, IFN-g induces nitric oxide synthase (Xie et al., 1992)
and phagocyte oxidase (Nathan et al., 1983) associated with
the production of reactiveoxygenspecies (ROS). IFN-galso alters
phagosome maturation, triggers macrophage immune response,
and promotes antigen loading on MHC class I and II molecules
(Guermonprez et al., 2003; Houde et al., 2003; Jutras et al.,
2008; Watts and Amigorena, 2001; Yates et al., 2007). However,
the molecular mechanisms and signaling events by which IFN-g
modulates MHC class I antigen presentation still remain unclear.
To study the changes in protein composition and phos-
phorylation taking place in macrophage phagosomes after
IFN-g activation, we have made use of a sensitive mass
spectrometry (MS)-based systems-biology approach. A versa-
tile label-free quantitation approach was used for profiling
protein abundance and phosphorylation stoichiometry of
subcellular phagosome extracts from IFN-g-activated and
resting RAW 267.4 mouse macrophages. This approach
provided evidence indicating that phagosome functional prop-
erties in cytokine-primed macrophages are modulated by the
regulation of Src and mitogen-activated protein (MAP) kinase
pathways. Our analyses also revealed that early phagosomes
from IFN-g-activated macrophages are temporarily shielded
by a denser actin network, delaying lysosomal proteolytic
activities to maximize epitope generation and antigen presen-
tation. We showed that phagosomal Src kinases and calpains
were modulated by IFN-g and participated in the crosspre-
sentation of exogenous proteins to CD8+ T cells. The
observed results markedly expand our views of the dynamic
changes in phagosome-protein composition and phosphoryla-
tion that occur as activated macrophages respond to path-
ogen infection.Immunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc. 143
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Systems Biology of PhagosomesTable 1. Changes in Abundance and Phosphorylation of Selected
Phagosome Proteins upon IFN-g Stimulation
Expression Phosphorylationa
Known IFN-g-Induced Proteins
Nitric oxide synthase 71 0.89Ser602
Fc receptor I 9.3 10.3Ser347, 4.8Thr368,
0.23Ser379
IFN-inducible GTPase p47 18 14.0Ser416
IFN-activable protein 202b 13 -
IFN-induced
guanylate-binding
proteins 1,2,5
306, 180, 60 -
LRG-47 4.2 15.9Ser202
Membrane Trafficking Proteins
VAMP-3 0.71 0.06Ser67
VAMP-4 0.19 0.23Ser30, 0.07Ser88,
0.06Ser90
VAMP-8 0.67 0.23Ser67, 0.12Ser18
Syntaxin-4 1.7 2.2Ser15, 1.6Ser117, 0.7Ser248
Syntaxin-8 0.91 0.17Ser163
Syntaxin-11 11.3 -
Syntaxin-binding
proteins 1, 2, 3
2.7, 2.8, 2.7 -
Vps-26B 0.67 0.08Ser302, 0.08Ser319,
0.13Ser334
Rab-7b 1.1 0.15Ser186
Rab-12 1.0 0.80Ser15,20, 1.3Ser105
Rab-20 4.8 -
Rab-43 11.2 -
Rab11FIP 5 0.45 0.07Ser278, 0.44Ser307,
0.06Ser1212, 1218
Cytoskeleton Proteins
Ena-VASP-like 5.1 54Ser329, 8.1Ser343,347,
5.8Ser367
Zyxin 6.5 38Ser336
Filamin B 13.5 -
Gelsolin 2.9 -
Actin g 2.0 -
Arp2/3 1.6 -
CapG 1.9 -
Cdc42 1.0 -
CDC42 effector 2 - 3.6Ser137,141,145
CDC42 effector 4 0.84 0.4Thr161
WASP 0.61 1.1Ser293, 0.5Ser501,502
Vimentin 1 0.2Ser55, 7Ser429, 0.1Ser458
Kinesin 5B 3.3 -
Kinesin 16B 1.2 0.3Ser662, 0.3Ser838,
6.3Ser1145
Myosin 18a 8.1 -
Myosin 1c 2.5 21Ser373
Signaling Proteins
SHIP-1 0.48 0.36Tyr868, 0.14Ser935,
0.35Ser972
PI 4-kinase 2b 2.4 1.9Ser47, 1.6Ser462, 1.3Ser85144 Immunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc.RESULTS
Quantitative Proteomics Analysis of Phagosomes
from IFN-g-Stimulated Macrophages
To identify phagosome proteins modulated by IFN-g, we under-
took a comparative MS analysis of purified phagosome extracts
from stimulated and nonstimulated RAW 267.4 mouse macro-
phage cells. Phagosomes formed by the internalization of
0.8 mm latex beads for 30 min were subsequently purified on
a sucrose density gradient for yielding enriched protein extracts
containing less than 5% contamination from other cellular organ-
elles as estimated from immunoblotting experiments (Figures S1,
S2, and S3 available online). We used a two-pronged approach
based on label-free quantitative proteomics to profile changes
in protein abundance and phosphorylation stoichiometry in the
corresponding extracts (Figure S4). Accordingly, protein
extracts were first separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) prior to band exci-
sion, tryptic digestion, and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analyses for identifying phago-
somal proteins and comparing their respective abundance
across biological replicates (n = 3) of stimulated and resting
macrophage cells.
Comparative MS analysis of phagosome extracts on an Orbi-
trap mass spectrometer led to the identification of 29,941 unique
peptides from 2,415 proteins with an average sequence
coverage of 24% and a false-discovery rate (FDR) < 1% with
a forward and reverse International Protein Index (IPI) mouse
database. This level of identification for a single organelle is
attributed to the high sensitivity and mass accuracy of the Orbi-
trap mass spectrometer, which enables a 4-fold enhancement in
protein assignment compared to previous data obtained on a
Q-TOF instrument (Jutras et al., 2008). Although expression
levels remained unaffected for most identified proteins, a subset
of 431 phagosome proteins showed more than 2-fold change in
abundance (p < 0.1) upon IFN-g stimulation (Table S1 and
Figure S2). We compiled a list of some of the differentially abun-
dant proteins identified in phagosomes for different functional
categories (Table 1). The list includes cytoskeletal proteins,
trafficking proteins, and membrane receptors, as well as
proteins involved in lipid signaling. Among proteins showing
statistically significant changes in abundance were known
IFN-g-inducible proteins such as nitric oxide synthase, GTPase
p47, and LRG-47 (Singh et al., 2006; Xie et al., 1992).
These analyses also revealed that 48 phagosome proteins
with unaffected expression, including v-ATPase, showed
marked changes in their phosphorylation status upon IFN-g
stimulation. To obtain a more comprehensive analysis of the
Table 1. Continued
Expression Phosphorylationa
Phospholipase C b4 0.40 0.17Thr886, Ser889
0.07Thr886, Ser889, Ser890
Phospholipase C g2 3.9 -
Mannose-6-phosphate
receptor
0.24 0.28Ser2393, 0.27Ser2401
CSF receptor 0.09 0.04Ser711, Ser714
a Location of modified residue is indicated as superscript.
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Systems Biology of PhagosomesFigure 1. IFN-g Induces Specific Phagosomal Phosphorylation Motifs
Serine-phosphorylation sites identified by LC-MS/MS were extracted, and prealigned sequences of peptides ± 6 residues around the identified phosphorylation
sites were analyzed against the IPI mouse database as a background with the web-based motif-x tool (http://motif-x.med.harvard.edu/) (Schwartz and Gygi,
2005) with default settings. Two and six specific web logos were identified for the 187 upregulated and the 372 downregulated phosphopeptides having signif-
icant scores. Scores represent the sum of the negative log of the probabilities used for generating a single motif [Score (motif) =
P  log (P)]. Sequence motifs
were classified according to known recognition motifs of MAP kinase, CDK2, PKA, PKC, CaMK-II, and CK-II.changes in phosphorylation and cell-signaling events in phago-
cytosis and phagosome maturation, we isolated phagosomes
from 5 3 1010 cells (2500 dishes) and combined TiO2 phospho-
peptide enrichment (Larsen et al., 2005), multi-dimensional chro-
matography, and high-accuracy multistage MS (Figure S1 and
Table S2). We identified 1166 different phosphoproteins (2949
phosphorylation sites, FDR < 1%), of which 459 phosphopro-
teins (861 phosphorylation sites) were regulated by IFN-g (2-
fold change, p < 0.1). Comparison of the identified phosphoryla-
tion sites with those of SwissProt (v51.0), Phospho.ELM (http://
phospho.elm.eu.org/), and data from the largest publicly avail-
able mouse phosphoproteome study (Villen et al., 2007) indi-
cated that 2131 sites (72%) have not been previously reported.
We also evaluated the confidence level in the site localization
by using a probability score function (Olsen et al., 2006) and
determined that 75% of the identified sites (2201 sites) corre-
sponded to high-confidence assignments (Figure S2). Among
proteins bearing unreported phosphorylation sites were Rab
proteins, Src-family kinases, protein kinase C, and several
members of MAP kinase pathways. The availability of protein-
abundance measurements together with changes in phosphory-
lation stoichiometry provides valuable insight into site regulation
in response to IFN-g. For example, we identified for the soluble
N-ethylmaleimide-sensitive factor attachment receptor (SNARE)
protein VAMP4 three different phosphorylation sites with foldchanges of 0.2 (Ser30), 0.07 (Ser88), and 0.06 (Ser90), whereas
the protein abundance showed a fold change of 0.2. Taken
together, these proteomics results provide the most detailed
view of the dynamic changes of phagosome composition and
reveal the importance of posttranslational modifications in the
functional regulation of this organelle by cytokines.
IFN-g Modulates Kinase Activity on the Phagosome
Comprehensive analysis of the specific phosphorylation motifs
found in our data set with the Motif-X algorithm (Schwartz and
Gygi, 2005) yielded sequence motifs for 2005 peptides, of which
27% were assigned to sites modulated by IFN-g (Figure 1 and
Figure S6). A high proportion (32%) of these sequence motifs
corresponded to proline-directed phosphorylation, suggesting
the activation of MAP kinases and/or cyclin-dependent kinases
(CDKs). Also, a subset of identified phosphopeptides upregu-
lated by IFN-g corresponded to arginine-directed phosphoryla-
tion, possibly arising from families of calmodulin-dependent
protein kinase II (CaMK-II), protein kinase A (PKA), or protein
kinase C (PKC), whereas downregulated phosphopeptides rep-
resented acidic-residue-directed motifs sharing CK-II consensus
sequences (Angiolillo et al., 1993). We grouped kinases identified
on the phagosome into functional families, many of them being
differentially regulated either by changes in protein abundance
or phosphorylation stoichiometry (Figure 2).Immunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc. 145
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Systems Biology of PhagosomesFigure 2. IFN-g Modulates the Phagosomal Kinome
Proteins identified by mass spectrometry were analyzed with the InterPro database (http://www.ebi.ac.uk/interpro/). The figure shows combined expression and
phosphorylation data of a subset of 117 identified protein kinases and phosphatases harboring kinase domains. Boxes show kinase families grouped according
to the human kinome, with subgroups identified by dotted lines (Manning et al., 2002). Arrows indicate functional assignments of kinases in response to macro-
phage activation.Altogether, we identified 117 unique protein kinases and phos-
phatases, including several members with unreported phos-
phorylation sites. For instance, we identified 3 additional sites
for PKC delta and 11 additional sites on Src kinases (4 for Fgr,
5 for Hck, 1 for Src, and 1 for Lyn) previously shown to regulate
phagocytosis (Majeed et al., 2001) (Table S2). The activation of
tyrosine kinases was also reflected in the higher distribution of
Tyr phosphorylation sites (Ser: 85.8%; Thr: 11.1%; Tyr: 3.1%)
as compared to that in recent large-scale phosphoproteome
studies (Olsen et al., 2006; Villen et al., 2007). Phosphorylation
at Tyr residues is thought to play a key role in cell signaling (Ma-
chida et al., 2003), indicating the importance of phosphotyrosine
signaling on the phagosome.
Protein Interaction Network Analysis Uncovers Specific
Molecular Machineries Involved in Phagocytosis
We conducted a systems-biology analysis of our proteomics
data to identify the dynamic and functional changes in the146 Immunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc.composition of the phagosome upon IFN-g activation. First, we
used the protein expression and phosphorylation data to
develop a protein interaction network with the program STRING
(http://string.embl.de) (von Mering et al., 2007), which integrates
known and predicted interactions from different sources. We
combined interactions found in mouse and their human ortho-
logs, resulting in a network of 1,641 proteins (nodes) and
12,991 connections (edges) (Figure 3). From this complex
network, we extracted subnetworks by using Gene Ontology
(GO). Groups of phagosomal proteins with specific GO terms
changing in abundance or phosphorylation were compared to
the background of all identified proteins. GO terms were consid-
ered significant when they had p values < 0.05, resulting in 319
significant terms. Protein groups were then sorted according
to GO’s Cellular Component, Biological Processes, and Molec-
ular Function categories (Table S3 and Figure S7). We identified
several major groups of phagosomal proteins modulated by
IFN-g, including subnetworks comprising Src kinases and
Immunity
Systems Biology of PhagosomesFigure 3. Phagosomal Protein Networks
Protein abundance and phosphorylation data was analyzed with the STRING database (http://string.embl.de). A GO analysis was performed for extracting signif-
icant (p < 0.1) subsets of a complex network composed of 1,641 nodes and 12,991 edges. Shown are subnetworks affected by IFN-g activation, such as vesicle
trafficking, cytoskeleton, lipid signaling, notch signaling, lysosome, and immune response.proteins involved in vesicle trafficking, cytoskeleton rearrange-
ment, lysosomal functions, and immune response. The func-
tional significance of these subnetworks is detailed below.
IFN-g Affects Phagosome Maturation through Dynamic
Changes in Actin and Actin-Binding Proteins
Onset of phagosome formation is characterized by the activation
of receptors and the recruitment of actin filaments to the plasma
membrane for efficient engulfment of internalized particles, fol-
lowed by the recruitment of motor proteins to sever the particle
away from the plasma membrane (Swanson and Hoppe, 2004).
The signaling pathways that give rise to actin cytoskeletal rear-
rangements are dependent on polyphosphatidylinositides and
phosphatidylinositol (PI) kinases mediated by effector moleculessuch as small GTPases Rac1, Arf6, and Cdc42 (Greenberg,
1999). Increase in PI phosphatase activity subsequently
promotes the production of specific PI, the assembly of actin fila-
ments, and the recruitment of actin-myosin motors to sever the
particle away from the plasma membrane (Swanson and Hoppe,
2004). Upon IFN-g stimulation, our proteomics data indicate that
myosins, kinesins, and several members of the actin machinery
were upregulated, whereas tubulin and intermediate filaments
keratin and vimentin did not show substantial changes in abun-
dance (Figure 3 and Table 1). These results are consistent with
previous reports in neutrophil-like cells indicating that the F-actin
meshwork surrounding the phagosome is removed during phag-
osome maturation and that Cdc42 is inactivated for actin
removal (Lerm et al., 2007). Cdc42 abundance did not changeImmunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc. 147
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Systems Biology of Phagosomeson the phagosome, as further confirmed by immunoblot
(Figure S4), although its activation could be affected by the phos-
phorylation of its regulators Cdc42 effector proteins 2 and 4
(Table 1). A persistent network of actin was observed on phago-
somes from IFN-g-activated macrophages, accounting for a de-
layed disassembly of actin filaments (Figure S4). The prolonged
actin meshwork was also correlated with the increased abun-
dance and phosphorylation of Ena-VASP-like (Evl), one of four
mammalian members of the Enabled/vasodilator-stimulated
phosphoprotein family, a regulator of actin polymerization at
the leading edge (Sechi and Wehland, 2004) (Table 1 and
Figure S4). On the phagosomes of activated macrophages, we
also identified Zyxin, a protein that interacts with members of
the Ena/VASP family and is important for their targeting to focal
adhesions and actin-rich structures (Krause et al., 2003). The
increased abundance and phosphorylation of Zyxin and Evl
suggest that these proteins form a complex regulating the actin
cytoskeleton on the early phagosome, thereby extending the
actin meshwork, a condition delaying lysosomal fusion events
as previously observed for phagosomes of Leishmania and
Salmonella pathogens (Holm et al., 2001; Meresse et al., 2001).
Macrophage Activation by IFN-g Delays Fusion
with Lysosomes
Maturation of the phagosome required for proteolytic degrada-
tion involves fusion and fission events to recycle plasma-
membrane proteins and to recruit endosome- and lysosome-
specific components directed by SNAREs and small GTPases
(e.g., LRG47 or proteins of the Rab family) (Desjardins, 1995).
Our proteomics analysis identified 41 different Rab proteins
and at least five of their known interactors, consistent with their
importance in the regulation of membrane fusion and trafficking
during phagosome maturation. Out of all the Rab GTPases iden-
tified, only Rab7b, Rab12, Rab20, and Rab43 displayed
substantial changes in abundance or phosphorylation upon
IFN-g activation (Table 1). Our results also indicated that the
regulation of SNAREs and interactions with SNARE-binding
proteins were primarily modulated by changes in phosphoryla-
tion. Our proteomics analyses on purified phagosome extracts
identified nine syntaxins, five syntaxin-binding proteins, six
vesicle-associated membrane proteins (VAMPs), nine vacuolar
protein sorting-associated proteins (Vps), and their associated
proteins. A total of 30 phosphorylation sites were identified on
SNAREs, of which only 5 sites were previously known. Quantita-
tive phosphoproteomics analyses revealed that 10 phosphoryla-
tion sites primarily located in the coiled-coil domain of SNAREs
showed significant changes in stoichiometry upon IFN-g activa-
tion, probably regulating binding of vesicular and target-
membrane SNAREs.
Our GO and network analyses (Figure 3 and Figure S7) re-
vealed that phagosomal fusion with transport vesicles, endo-
somes, and lysosomes is affected by IFN-g activation. We
performed immunoblot kinetic analyses to further validate the
strong downregulation of a large network of lysosomal proteins
(Figure 4) and confirmed a delayed acquisition of the lysosomal
markers LAMP-1, lysozyme C, and b-hexosaminidase A in IFN-
g-activated macrophages.
Furthermore, we observed a strong upregulation of specific
serine-protease inhibitors and a downregulation of lysosomal148 Immunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc.serine peptidases, accounting for a reduction in serine-protease
activity. In contrast, cysteine proteases calpain 1, 2, and 5 were
upregulated, whereas the inhibitor cystatin C and lysosomal
thiol-proteases legumain and cathepsin L were markedly
reduced (Figure 4C), suggesting the activation of specific
proteolytic activity. These results are consistent with those of
Yates et al., who observed reduced hydrolytic and proteolytic
activities in phagosomes from IFN-g-activated macrophages
with an internalization assay with fluorescent beads (Yates
et al., 2007). Our quantitative proteomics analyses of stimulated
macrophages further support these observations and provide
a detailed molecular view of the overall reduction in the degrada-
tive capacity of phagosomes.
Macrophage Activation by IFN-g Increases
MHC Class I Crosspresentation
It is commonly known that antigens from phagocyted microbes
are presented on the cell surface via MHC class II molecules
(Watts and Amigorena, 2001), which are strongly induced by
IFN-g (Wong et al., 1982). Correspondingly, we saw a strong
induction of proteins involved in MHC class II antigen presenta-
tion (Figure 5A). We also identified several molecules involved in
MHC I antigen processing and presentation, of which four were
induced more than 2-fold upon IFN-g stimulation. Proteins such
as tapasin, the transporter associated with antigen processing
(TAP1 and TAP2), and the immunoproteasome activator 28a
were also upregulated in activated macrophages (Figure 5A).
Interestingly, the aminopeptidase ERAP1, which trims MHC
class I peptides (Saric et al., 2002), and proteins such as
ERp57 (protein disulfide isomerase associated-3), calreticulin,
and calnexin, all involved in MHC class I presentation (Cresswell,
2000), were also identified in the phagosome, although their
abundances remained unchanged (Figure 5A).
The role of the MHC class I presentation machinery in display-
ing antigens from phagocyted pathogens is not fully understood,
although our group (Houde et al., 2003) and others (Guermon-
prez et al., 2003) have shown the presence of MHC class I mole-
cules on phagosomes. To further investigate the influence of
IFN-g on the presentation of antigens from phagocyted patho-
gens via the MHC class I pathway, we developed a system allow-
ing us to study and compare the molecular mechanisms involved
in the processing and presentation of endogenous and exoge-
nous antigens by macrophages. The endogenous system
consists of infecting macrophages with herpes simplex virus-1
(HSV-1) and monitoring their ability to stimulate a specific
CD8+ T cell hybridoma. The exogenous system is based on the
internalization by phagocytosis of latex beads covered with
UV-inactivated HSV-1 particles and the crosspresentation of
viral peptides to CD8+ T cells (Figures 5B and 5C). By using
GFP-expressing HSV, we showed that beads coated with viral
proteins were degraded in LAMP-1-positive phagosomal
compartments (Figure 5D).
Resting and IFN-g-activated macrophages were exposed to
UV-killed HSV beads or live HSV particles for 30 min, and the
specific pharmacological inhibitors were added for evaluating
their functional effects on antigen presentation. The cells were
fixed with paraformaldehyde 4 hr after internalization for stop-
ping antigen processing and then cocultured with lacZ-inducible
gB-specific CD8+ T cell hybridoma for measuring the T cell
Immunity
Systems Biology of Phagosomesactivation against the HSV-glycoprotein B antigen 12 hr later.
We observed a 5-fold increase in MHC class I presentation
of exogenous antigens for macrophages stimulated by IFN-g
(Figure 5E). We further examined the involvement of protein fami-
lies in antigen crosspresentation and therefore applied the highly
specific inhibitors aprotinin (serine-protease inhibitor), calpeptin
(calpain inhibitor), PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)-
pyrazolo[3,4-d]pyrimidine) (Src-kinase-family inhibitor), and
cytochalasin D (inhibitor of actin polymerization), which have all
been shown to have no cytotoxic effects in the time course
used (Burden et al., 1978; Ikewaki et al., 2000; Lee et al., 2000;
Sirianni et al., 2001).
Inhibition of serine proteases by aprotinin had no significant
effect on presentation of IFN-g-activated macrophages, in
contrast to its effect in resting macrophages, in which a 2-fold
increase was observed, further supporting the proposal that
high serine-protease activity in control cells reduces their
antigen-presentation capabilities. Conversely, calpeptin, a highly
Figure 4. IFN-g Delays PhagosomeMatura-
tion
(A) Immunoblot kinetic of the three lysosomal
markers, b-hexosaminidase A, lysozyme C, and
lysosome-associated membrane glycoprotein 1
(LAMP-1). Latex-bead phagosomes of control
macrophages and macrophages activated by
IFN-g for 24 hr were isolated at five different time
points (10 min pulse, 0 min chase; 30 min, 0 min;
30 min, 60 min; 30 min, 3 hr; and 30 min, 15 hr).
Equal protein amounts were loaded.
(B) Immunoblot kinetic of one of the identified
serine-protease inhibitors (Serpin B9). Immuno-
blots represent data from repeated experiments
(n = 3).
(C) Table of identified changes for lysosomal
hydrolases, proteases, and protease inhibitors.
specific calpain inhibitor, almost abol-
ished MHC class I presentation of endog-
enous and exogenous antigens (Figures
5E and 5F).
Furthermore, depolymerization of the
actin cytoskeleton with cytochalasin D
quickly after internalization showed a
2-fold reduction in antigen crosspresen-
tation (Figure 5E), whereas endogenous
antigen presentation from HSV-infected
macrophages was marginally affected
(Figure 5F). Because inhibition of actin
polymerization might affect antigen
presentation from phagosomes by alter-
nate pathways including reduced inter-
nalization of beads from the plasma
membrane, we performed additional
experiments and found that treatment
with cytochalasin D lowered the number
of internalized beads by only 5%
(Figure S9). Furthermore, the processing
of viral antigens from HSV latex beads
was also dependent on the activation of
Src kinases. Antigen crosspresentation in macrophages stimu-
lated with IFN-g decreases by 70% after inhibition of Src kinases
by PP2 (Figure 5E), whereas no notable change in CD8+ T cell
activation was detected for endogenous antigens (Figure 5F).
Taken together, these experiments suggest that Src kinases,
calpains, and actin mobilization play important roles in antigen
crosspresentation from phagosomes and highlight functional
differences between the presentation of exogenous and endog-
enous antigens by the MHC class I pathway.
DISCUSSION
The present study describes a comprehensive quantitative pro-
teomics and phosphoproteomics study of a subcellular organ-
elle playing a pivotal role in both innate and adaptive immunity.
The development and application of a comprehensive proteo-
mics approach enabling the profiling of protein abundance and
the identification of phosphorylation sites on phagosomes fromImmunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc. 149
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Systems Biology of PhagosomesIFN-g-activated macrophages provided unprecedented molec-
ular details on the dynamic changes in protein composition of
this organelle. We achieved this by combining subcellular frac-
tionation, TiO2-phosphopeptide enrichment, high-resolution
mass spectrometry, and comprehensive data-mining tools to
create detailed networks of thousands of phagosome proteins
with their corresponding phosphorylation sites. High-sensitivity
measurements of protein expression and phosphorylation stoi-
chiometry revealed unexpected insights on the modulation of
phagosome functions in IFN-g-treated cells unattainable by
previous proteomics approaches (Beausoleil et al., 2004; Jutras
et al., 2008; Marcantonio et al., 2008; Olsen et al., 2006). These
proteomics data provide a unique resource for immunologists
and cell biologists. Our phosphorylation data is also available
via the Phospho.ELM database (http://phospho.elm.eu.org/,
Figure 5. Influence of IFN-g on Antigen
Presentation
(A) Abundance changes of MHC class I and class II
molecules.
(B) Electron microscopy (EM) of HSV bound to
beads.
(C) EM of a phagosome from a BMA macrophage
after the internalization of a UV-killed HSV latex
bead. Arrows show virions inside the phagosomal
membrane.
(D) UV-killed HSV opsonized on latex beads are
internalized by BMA macrophages over different
time periods (0 to 6 hr). Panels (left to right) show
GFP expressed by HSV (green), LAMP1 (red),
merge view (green and red channels), and bright
field. Phagocyted HSV latex beads locate to
LAMP-1-positive compartments, where they are
degraded over time.
(E) IFN-g strongly enhances MHC class I crosspre-
sentation of antigens from phagocyted patho-
gens. Latex beads were coated with UV-killed
HSV and phagocyted by BMA macrophages
(control or 24 hr of IFN-g activation) for 30 min.
The medium was then changed, and inhibitors
were added. Macrophages were fixed 4 hr after
internalization and cocultured with lacZ-inducible
gB HSV-specific CD8+ T cell hybridoma for
12 hr, and cell activation was measured by
analysis of b-Gal hydrolysis with a UV-VIS spec-
trometer.
(F) Control and IFN-g-activated BMA macro-
phages were infected with HSV for 30 min. Condi-
tions for culture, incubation, and visualization of
endogenous assays (F) were identical to those of
exogenous presentation assays (E). All graphs
shown display the mean relative activation levels
from at least three independent experiments
(n R 3); error bars represent the standard devia-
tion.
Diella et al., 2004) and the Human Pro-
teome Reference Database (http://
www.hprd.org/, Peri et al., 2004).
The combination of both protein
expression and phosphorylation stoichi-
ometry provides a level of comprehen-
siveness that would not be available
otherwise. For example, we identified two differentially regulated
phosphorylation sites (Ser80 and Ser90) on VAMP4. An
extended list of identifications displaying the changes in abun-
dance and phosphorylation reveals the complexity of cell
signaling for phagosomal proteins upon IFN-g stimulation. The
large number of protein identifications enabled the use of higher
stringency levels during Gene Ontology and STRING network
analyses for identifying specific phagosome functions and
protein groups, a number of which are interconnected. For
example, the increased abundance of annexins, which are
Ca2+-dependent phospholipid-binding proteins, is presumably
associated with changes in lipid-modifying enzymes such as
phosphatidylinositol 4-kinase, inositol polyphosphate-5-phos-
phatase D (SHIP1), and Ca2+-regulating proteins including
calmodulin and sorcin.150 Immunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc.
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fusion of the phagosome with the lysosome and late endosomes,
a process called phagolysosome maturation. This delayed matu-
ration contrasts with previous reports suggesting that IFN-g acti-
vation enhances maturation and bactericidal properties of the
phagosome (Via et al., 1998). However, these observations are
consistent with those of Yates et al., who reported a delayed
acquisition of hydrolase and peptidase activity in phagosomes
from activated macrophages (Yates et al., 2007). Our data
provide molecular evidence that the phagosomal acquisition of
serine proteases, H+ transporters, and lysosomal hydrolases
are indeed strongly reduced. Furthermore, phagosomes from
IFN-g-activated macrophages displayed an unsuspected level
of regulation, attributed in part to the increased levels of
serine-protease inhibitors (e.g., protease inhibitors A3F, Spi2,
and Serpin B9) together with nonlysosomal proteases (e.g., cal-
pains 1, 2, and 5). It is noteworthy that the proteolytic activity of
the lysosome itself remains unchanged, consistent with previous
reports (Yates et al., 2007).
The reduced activity of proteases and hydrolases in early
phagosomes is possibly used by macrophages for optimizing
antigen processing for efficient presentation. Interestingly,
DCs, commonly thought to be better antigen-presenting cells
(APCs) than macrophages (Banchereau and Steinman, 1998),
have limited lysosomal proteolytic capacities (Delamarre et al.,
2005). Similarly, our data suggest that the delayed maturation
of phagolysosomes in IFN-g-activated macrophages favors
antigen presentation, as evidenced by the increased abundance
of MHC class I and II receptors on early phagosomes. Our study
thus extends the work of Yates et al. by identifying the enzymes
contributing to the differential activity levels and the antigen-pro-
cessing and -presentation machineries involved. This proposal
was confirmed with an antigen-presentation assay enabling
the monitoring of both crosspresentation of exogenous antigens
and classical MHC class I presentation of endogenous antigens.
The crosspresentation ability of resting macrophages increased
2-fold upon treatment with the serine-protease inhibitor aproti-
nin, whereas no change was detected in IFN-g-activated macro-
phages displaying reduced proteolytic activities.
Taken together, these data enabled us to propose an inte-
grated model of IFN-g-modulated functions favoring antigen
crosspresentation with a level of molecular detail beyond
previous investigations from our group (Figure S10) The stron-
gest reduction of MHC class I crosspresentation and presenta-
tion of cytosolic antigens were observed after calpain inhibi-
tion. Calpains are cysteine proteases previously reported to
participate in MHC class II presentation (Lich et al., 2000).
Although they were previously reported to associate with auto-
phagosomes (Demarchi et al., 2006), it is unlikely that calpains
locate to the early phagosome via the autophagosomal route
because markers such as Beclin or LC-3 were present in low
abundance. Rather, we propose that cytosolic calpains are re-
cruited to the phagosome and become activated upon eleva-
tion of Ca2+ concentrations present on early phagosomes of
activated macrophages (Franco and Huttenlocher, 2005; Myers
and Swanson, 2002; Perrin and Huttenlocher, 2002). Calpains
have also been reported to modulate cellular functions of
adhesion-associated, actin regulatory proteins (Franco and
Huttenlocher, 2005) and Src-kinase activity (Frangioni et al.,1993) by cleavage of target proteins. Their specific proteolytic
activities are surmised to regulate proteins involved in antigen
presentation rather than being associated with antigen pro-
cessing.
The Src kinases are strongly regulated by IFN-g activation and
play a central role in receptor signaling, actin-cytoskeleton re-
modeling, vesicle trafficking, and antigen presentation. Pharma-
cological inhibition of Src kinases with the specific inhibitor PP2
reduced MHC class I crosspresentation of exogenous antigens
by 70%, with no significant change on the presentation of
endogenous viral antigens. Previous reports have described
the involvement of the Src kinase Fyn and Syk in Fcreceptor-
mediated phagocytosis and phagosome-lysosome fusion
through actin polymerization at the phagocytic cup and particle
internalization (Majeed et al., 2001). The observation that inhibi-
tion of Src-family kinase activities reduced MHC I crosspresen-
tation suggests that they play important roles in the regulation of
phagosome maturation events.
Detailed proteomics analyses also indicated that the actin
regulator Evl and its binding partner Zyxin (Krause et al., 2003)
are localized on the phagosome and that their abundance and
phosphorylation are strongly regulated by IFN-g. Evl is most
likely to be responsible for the prolonged actin meshwork
surrounding the phagosomes of activated macrophages, and
recent reports documented its involvement in phagosome
biogenesis (Jahraus et al., 2001; Stockinger et al., 2006).
Although some reports indicated an inhibition of phagolysosome
fusion by the actin cytoskeleton (Lerm et al., 2007), others sug-
gested that actin is necessary for the fusion of the phagosome
with endosomes and lysosomes (Jahraus et al., 2001; Kalamidas
et al., 2006; Stockinger et al., 2006). Our data support the former
proposal, given that enhanced depolymerization of actin with
cytochalasin D strongly reduces MHC class I crosspresentation,
possibly through the rapid degradation of viral antigens.
Combined evidence from the crosspresentation assay showing
the strong inhibition by cytochalasin D while the endogenous
presentation remained unaffected suggests the involvement of
a unique mechanism by which the prolonged actin meshwork
favors epitope generation and enhances antigen presentation.
The detailed molecular interactions and signaling events by
which IFN-g modulates MHC class I antigen presentation still
remain ill defined and are under intense investigation. Our
quantitative large-scale proteomics investigation provided
evidence that the activation of Src kinases and calpain prote-
ases extends the cytoskeleton actin meshwork surrounding
the phagosome. The use of a novel crosspresentation assay
further confirmed these findings and indicated that the
concerted actions of these cellular events are used advanta-
geously by macrophages for maximizing epitope generation
and antigen presentation. Our study also supports the use of
systems-biology approaches such as subcellular proteomics
analyses for dissecting the important roles of phagosomes in
immune and adaptive immunity.
EXPERIMENTAL PROCEDURES
Phagosome Preparation
Phagosomes from RAW 267.4 mouse macrophages were prepared according
to previous methods (Desjardins et al., 1994).Immunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc. 151
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20 mg of phagosomal proteins were reduced with tris(2-carboxyethyl)phos-
phine (TCEP) (Pierce), alkylated by iodoacetamide (Sigma-Aldrich), and sepa-
rated on a 4%–12% precast NuPAGE gel (Invitrogen). The gel was silver
stained, and the lanes were cut into 17 equal-sized pieces with an in-house
cutting device. The gel pieces were digested by trypsin, and peptides were ex-
tracted three times with 90% acetonitrile (ACN) in 0.5 M urea. Combined
extracts were dried and resuspended in 5% ACN, 0.1% trifluoro acetic acid
(TFA) prior to mass-spectrometry analyses.
Peptides were separated on a 150 mm ID, 10 cm reversed-phase nano-LC
column (Jupiter C18, 3 mm, 300 A˚, Phenomex) with a loading buffer of 0.2%
formic acid (FA). Peptide elution was achieved by a gradient of 2%–25%
ACN in 65 min and 25%–40% ACN in further 25 min on an Eksigent 2D nanoLC
operating at a flow-rate of 600 nL/min. The nanoLC was coupled to an LTQ-Or-
bitrap mass spectrometer (Thermo-Electron), and samples were injected in an
interleaved manner. The mass spectrometer was operated in a data-depen-
dent acquisition mode with a 1 s survey scan at 60,000 resolution, followed
by three product ion scans (MS/MS) of the most abundant precursors above
a threshold of 10,000 counts in the LTQ part of the instrument.
Phosphopeptide Enrichment and Mass Spectrometry
Phosphopeptides of 300 mg/replicate (1D-LC-MS) and 1.2 mg/replicate
(2D-LC-MS) of phagosomal proteins were reduced, and cysteines were
blocked by carbamidomethylation and digested with trypsin. Subsequently,
phosphopeptides were enriched on house-made TiO2 microcolumns (GL
Science) according to the protocol of Thingholm et al. (Thingholm et al.,
2006) and eluted with 30 ml 1% NH4OH. Eluates were acidified by adding
TFA to a final concentration of 3%, dried down, resuspended in 2% ACN,
0.1% TFA, and subjected to mass-spectrometric analysis. Peptides were
separated on a self-packed 45 mm 3 300 mm polysulfethyl column (Nest
Group) and online eluted onto a 150 mm ID, 10 cm reversed-phase nano-LC
column (Jupiter C18, 3 mm, 300 A˚, Phenomex) coupled to an LTQ-Orbitrap
mass spectrometer.
Protein Identification and Bioinformatic Analyses
The centroided MS/MS data were merged into single peak-list files and
searched with the Mascot search engine v2.10 (Matrix Science) against the
combined forward and reversed mouse IPI database v3.24 containing
52,326 forward protein sequences.
Phosphosites were searched against the SwissProt database (v51.0), Phos-
phoElm (v6.0) (Diella et al., 2004), and the data from the largest publicly avail-
able mouse phosphoproteome study (Villen et al., 2007).
Descriptions of biological functions used were obtained from the Gene
Ontology project (www.geneontology.org, as of November 11, 2007) (Ash-
burner et al., 2000).
Phosphorylation Motif Analyses
Phosphorylation motif analyses were performed with the web-based motif-x
tool (http://motif-x.med.harvard.edu/) (Schwartz and Gygi, 2005). Prealigned
sequences of peptides ± 6 residues around the identified sites of serine phos-
phorylation were analyzed against the IPI mouse database as a background
with the ‘‘occurrence’’ parameter at 20 and the ‘‘significance’’ parameter at
0.000001. Because of the low number of phosphorylation sites on threonine
and tyrosine residues, the ‘‘occurrence’’ and ‘‘significance’’ parameters were
adjusted to 10 and 0.00001 for threonine phosphorylation and to 5 and
0.0001 for tyrosine phosphorylation, respectively. Web logos were extracted
and kept in Figure S6.
GO Analyses
Descriptions of biological functions used were obtained from the Gene
Ontology project (www.geneontology.org, as of November 11, 2007). The
annotations of the proteins identified in this study were obtained through Bio-
mart (http://www.biomart.org/). To identify biological functions that are over-
represented in a given subset of proteins (‘‘sublist’’), we performed a statistical
analysis with our own software (source code available on demand). The anal-
ysis was done by building, for each term of the GO ontology, a 2 3 2 contin-
gency table indicating the distribution of the whole set of proteins (‘‘back-
ground list’’) relative to their association with either or both the sublist or the152 Immunity 30, 143–154, January 16, 2009 ª2009 Elsevier Inc.GO term. This table was then used for assessing the overrepresentation of
genes annotated with this particular function in the sublist with a Fisher’s exact
test. After extensive experimentation, we preferred the more liberal approach
of relying on the p value returned by the Fisher’s test to identify significantly
overrepresented GO terms, adjusting the threshold at 0.05. All terms identified
as significant and their parents were extracted from the ontology graph.
STRING Network
Sequences of proteins identified were extracted from the IPI database (version
3.23). Using BLAST against mouse and human protein sequences from
STRING (http://string.embl.de/), we identified the best match and used it as
a correspondence between the two databases. Protein networks identified
by STRING consisted of protein IDs (nodes) and protein-protein interactions
(edges). These networks utilizing mouse and human identifiers were extracted,
superimposed, and loaded into Cytoscape v.2.51 (http://www.cytoscape.org/)
(Shannon etal., 2003) for visualization; only interactionswith a minimum STRING
combined score of 0.400, which represents the default medium confidence
level in STRING, were kept. This resulted in 1,641 nodes and 12,991 edges.
From the complex network, subnetworks were extracted with Cytoscape
guided by GO terms of the 1,641 proteins extracted from the Ensembl database
v48 with Ensembl’s BioMart tool (http://www.ensembl.org/biomart/martview/).
GO terms used for the subnetworks are listed Table S4, and they gained 121
entries for the ‘‘cytoskeleton,’’ 110 for the ‘‘vesicle,’’ 61 for the ‘‘Lysosome,’’
72 for the ‘‘Kinase,’’ and 58 for the ‘‘Immune Response’’ network, respectively.
CD8+ T Cell Activation Assay
The BMA3.1A macrophage cell line derived from C57BL/6 mice was described
previously (Kovacsovics-Bankowski and Rock, 1995). The lacZ-inducible gB
HSV-specific CD8+ T cell hybridoma HSV-2.3.2E2 was maintained in RPMI-
1640 medium supplemented with 5% fetal bovine serum, 2 mM glutamine,
100 units/ml penicillin, and 100 mg/ml streptomycin.
For HSV latex bead coupling, 1.9 mm NH2-Latex Beads (LBs) (Estapor) were
washed in PBS and precoated with Helix pomatia lectin (EY Laboratories) at
1 mg/ml overnight with agitation. Then, LBs were washed again with PBS
and incubated overnight with purified HSV-1 (strain F) at 4C with agitation,
and finally, HSV-1 particles were inactivated by UV irradiation.
For MHC class I presentation assays, BMA macrophages (23 105) were in-
fected with HSV-1 (strain F) at a multiplicity of infection (MOI) of 10 or overlaid
with UV-killed HSV LBs for 30 min. Control of UV inactivation was performed
by incubating BMA cells for 30 min with UV-inactivated HSV-1 at a MOI of
50. The medium was then changed, and drugs were added at the following
concentrations: PP2 (10 mM), calpeptin (40 mg/ml) (all Calbiochem), aprotinin
(10 mg/ml), and cytochalasin D (2.5 mM) (all Sigma-Aldrich). After 4 hr incuba-
tion, macrophages were washed in PBS and fixed 10 min at room temperature
with 1% paraformaldehyde, followed by three washes in complete Dulbecco’s
modified Eagle’s medium. Antigen-presenting cells were then cocultured with
4 3 105 lacZ-inducible gB-specific CD8+ T cell hybridoma HSV-2.3.2E2 for
12 hr at 37C. After a wash with PBS, cells were lysed (0.125 M Tris Base,
10 mM CDTA, 50% glycerol, and 0.025% Triton X-100, 3 mM DTT at
pH 7.8), and then lacZ substrate buffer was added (10 mM MgSO4, 10 mM
KCL, 0.39 M NaH2PO4, 0.6 M Na2HPO4, 100 mM 2-ME, and 0.15mM chloro-
phenol red beta-D-galactopyranoside (CPRG) at pH 7.8) for 2–4 hr at 37C.
The cleaved CPRG was quantified in a Gemini plate reader (Molecular Devices)
at 595 nm. The data and error bars are shown as means of three experiments
with triplicate values and their relative standard deviations, respectively.
Immunofluorescence
Cells were fixed and permeabilized according to the manufacturer’s indica-
tions (Cytofix/Cytoperm Kit, BD Biosciences). Infected cells were detected
with a rabbit polyclonal anti-HSV-1 (Neomarkers), and phagolysosomal
compartments were detected with an anti-Lamp1. Samples were analyzed
with a standard fluorescence microscope.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, ten
figures, and three tables and can be found with this article online at http://
www.immunity.com/supplemental/S1074-7613(08)00548-7.
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